To explain the requirement for anaerobic conditions in the induction of biodegradative L-threonine dehydratase in Escherichia coli, Crookes strain, measurements of cyclic AMP (cAMP) were made during aerobic and anaerobic growth and upon an aerobic-to-anaerobic transition. Internal cAMP levels were similar (5 to 10 pM) throughout exponential growth, whether aerobic or anaerobic, but only during anaerobiosis was threonine dehydratase synthesized. When an exponentially growing aerobic culture was made anaerobic, a sharp increase in internal cAMP was noted, reaching 300 FM within 10 min and declining thereafter to normal anaerobic levels. Threonine dehydratase synthesis was detected immediately after the attainment of peak cAMP levels and continued for several generations A similar pattern but with less accumulation of cAMP and less threonine dehydratase production was also noted upon treatment ofan aerobicaUy growing culture with KCN. Pyruvate addition at the time of anaerobic shock severely affected both cAMP accumulation and threonine dehydratase synthesis; *however, externally added cAMP could parially counter the pyruvate effect on enzyme synthesis. The (33, 35) . Threonine dehydratase is only synthesized during anaerobic growth on a complex amino acidcontaining medium. Two recent reports (9, 36) have described the amino acid requirements for maximal enzyme synthesis and concluded that threonine is the most essential component; leucine, valine, and possibly aspartate also appear to be necessary for optimum enzyme formation.
gradative L-threonine dehydratase in Escherichia coli, Crookes strain, measurements of cyclic AMP (cAMP) were made during aerobic and anaerobic growth and upon an aerobic-to-anaerobic transition. Internal cAMP levels were similar (5 to 10 pM) throughout exponential growth, whether aerobic or anaerobic, but only during anaerobiosis was threonine dehydratase synthesized. When an exponentially growing aerobic culture was made anaerobic, a sharp increase in internal cAMP was noted, reaching 300 FM within 10 min and declining thereafter to normal anaerobic levels. Threonine dehydratase synthesis was detected immediately after the attainment of peak cAMP levels and continued for several generations A similar pattern but with less accumulation of cAMP and less threonine dehydratase production was also noted upon treatment ofan aerobicaUy growing culture with KCN. Pyruvate addition at the time of anaerobic shock severely affected both cAMP accumulation and threonine dehydratase synthesis; *however, externally added cAMP could parially counter the pyruvate effect on enzyme synthesis. The conclusion was reached that conditions which resulted in a temporary energy deficit brought about the major accumulation of cAMP, and this elevated level served as a signal for initiation of teonine dehydratase synthesis to supply energy by the nonoxidative degradation of threonine.
The metabolic function served by the inducible biodegradative L-threonine dehydratase (Lthreonine hydrolyase [deating]; EC 4.2.1.16) of Escherichia coli has long remained obscure due to the limited growth conditions under which the enzyme is formed (33, 35) . Threonine dehydratase is only synthesized during anaerobic growth on a complex amino acidcontaining medium. Two recent reports (9, 36) have described the amino acid requirements for maximal enzyme synthesis and concluded that threonine is the most essential component; leucine, valine, and possibly aspartate also appear to be necessary for optimum enzyme formation.
These studies have not clarified the requirement for anaerobiosis although they demonstrated that aerobic growth on amino acid-rich media lacking carbohydrate substrates which produce catabolite repression did not result in appreciable threonine dehydratase production (9) .
The observation that cyclic AMP (cAMP) stimulated the synthesis of threonine dehydratase in the Crookes strain of E. coli (30) , coupled with the recognition that catabolite repression of ,B-galactosidase synthesis is temporarily relieved during the adaptation of a culture to an anaerobic environment (7) , suggested that the requirement for anaerobic growth conditions might be related to an increased internal level of cAMP. This elevated level of cAMP during anaerobic growth could coordinate threonine dehydratase synthesis with the cellular need for energy production in the absence of oxygen, specifically the nonoxidative production of aketobutyrate from threonine (or pyruvate from serine, also a substrate), followed by ATP synthesis via the coupled actions of pyruvate formate-lyase, phosphotransacetylase, and acetate kinase. The pyruvate formate-lyase of E. coli is known to be active only under anaerobic conditions although it is produced in an inactive form during aerobic growth (15) . This sequence of reactions could be used for temporary ATP production before the full development of ATP synthesis from anaerobic electron transport-mediated processes linked to the ultimate reduction of fumarate, nitrate, or protons via anaerobic CONTROL OF THREONINE DEHYDRATASE BY CYCLIC AMP 829 anaerobic growth can account for the observed synthesis of threonine dehydratase only under anaerobic conditions.
MATERIALS AND METHODS
Organisms and growth media. E. coli, Crookes strain (ATCC 8739), was used in most of the experiments described. This strain does not possess cyclic nucleotide 3',5'-phosphodiesterase activity (20) . E. coli 5336, a cya mutant derived from a strain K-12 parent (25), was kindly provided by I. Pastan, National Institutes of Health.
The majority of our experiments were conducted with cells grown at 37°C on GF medium plus 4 mM L-threonine. Medium GF contained (per liter of medium): 5 g of glycerol, 5 g of fumaric acid, salts A (20) , and 10 g of a mixture of 19 amino acids, excluding threonine, in the relative weight proportions found in human serum albumin (32) . All components were adjusted to pH 7.0 and sterilized separately before mixing. Other media were used in special experiments. Glucose medium contained 5 g of glucose and 10 g of the 19 amino acid mixture in each liter of salts A. The amino acid medium also mentioned in Table 1 contained only 10 g of the 19 amino acid mixture per liter of salts A. When appropriate, L-threonine was added from a sterile stock solution to give a final concentration of 4 mM. This concentration is adequate for maximal induction of threonine dehydratase when incorporated into GF medium and cells are grown anaerobically (9) .
Growth conditions. For experiments in which cAMP concentrations were to be determined, the following protocol was used. A 600-ml volume of GF medium containing 4 mM L-threonine was inoculated with a culture pregrown aerobically for 10 h on the same medium, to give an initial reading at a wavelength of 660 nm (1-cm cell, Gilford model 240 spectrophotometer) of approximately 0.15, equivalent to 1 x 10' cells/ml. The culture was maintained at 37°C in a jacketed column equipped with a stopcock to permit rapid sampling. Air or an N2-C02 mixture (95:5) was administered as desired through a gas dispersion tube suspended at the bottom of the column. Oxygen tension was monitored with a Beckman dissolved oxygen probe suspended midway in the culture. In this system, air-saturated water has an oxygen content of 0.21 mM at 37°C. Aerobic growth was assured by maintaining the readings above 0.16 mM where tricarboxylic acid cycle enzymes, steady-state ATP pools, and growth yields are highest (34) . When nitrogen purging began, readings fell below 0.01 mM within 2 min.
Upon reaching an absorbance near 0.3, isopropyl thiogalactoside was added to a final concentration of 1 mM. At the desired times, 5-mi samples were taken for enzyme analysis and 5-ml portions were also taken for cAMP analysis. In some cases, depending on the sampling frequency, duplicate 5-ml portions were taken for cAMP analysis.
In other experiments described, cultures were grown on the appropriate medium either aerobically with vigorous shaking or anaerobically in bottles which had been flushed for 5 min with the N2-C02 mixture and then capped. After each addition or withdrawal, flushing with the gas mixture was repeated.
Threonine dehydratase and p-galactosidase sythesis in an adenylate cyclase-deficient strain E. coli 5336 was grown aerobically at 37°C on GF medium plus 4 mM L-threonine to a density of 2 x 108 cells/ml. The culture was divided into eight equal portions and cAMP was added to the appropriate final concentration along with isopropyl thiogalactoside (1 mM), and each culture was made anaerobic by flushing with an N2-CO2 mixture (95:5). Samples of each culture (5 ml) were then taken at 30, 60, and 90 min for preparation of crude extracts.
Preparation of crude extracts. At each sampling time, a 5-ml portion of the cell suspension was rapidly pipetted onto crushed ice in a 15-ml centrifuge tube containing 1 ml of a chloramphenicol solution (1 mg/ ml). The chilled samples were centrifuged in the cold at 9,000 x g for 10 min and washed once with 10 ml of cold 50 mM potassium phosphate (pH 7.0), and the cell pellets were stored at -20°C overnight. Crude extracts were prepared from the packed cells by a lysozyme freeze-thaw method (9) . After centrifugation at 25 ,000 x g for 20 min at 0°C, the clear supernatant fraction was removed for enzyme assays.
Enzyme assays. Threonine dehydratase was assayed by the continuous spectrophotometric method of Phillips and Wood (26) , which is based on the measurement of a-ketobutyrate with excess lactate dehydrogenase and NADH; however, dithiothreitol was substituted for glutathione used in the original procedure and L-isoleucine was also added to a concentration of 1 mM as a precautionary measure to eliminate any residual activity by the biosynthetic threonine dehydratase (33) Measurements of radioactivity. For estimation of radioactivity on membrane filters, the filters were first dissolved in 1 ml of methyl cellosolve in a scintil-J. BACTERIOL. lation vial, and then 10 ml of a solution of 2,5-diphenyloxazole (5 g) in 1 liter of toluene-methyl cellosolve (3:1) was added. Counting of aqueous solutions was performed in Tritosol (11) . In all cases, radioactivity measurements were made in a Beckman model LS-256 scintillation counter.
RESULTS
Requirement for cAMP in threonine dehydratase synthesis. Shizuta and Hayaishi (30) have shown that extertially added cAMP increased the rate of synthesis of biodegradative threonine dehydratase in resting suspensions of E. coli Crookes strain, which had been rendered temporarily permneable by treatment with Tris plus EDTA. Because dehydratase synthesis was seen without cAMP addition in these experiments, an adenylate cyclase-deficient mutant, strain 5336 (cya), was used to confirm the absoluteness of the cAMP requirement and to provide a comparison of the sensitivity toward cAMP for the formation of threonine dehydratase and ,-galactosidase. Under conditions which are optimal for synthesis of threonine dehydratase in the Crookes strain, i.e., anaerobiosis with a complete mixture of amino acids, the mutant strain was unable to produce any detectable threonine dehydratase unless cAMP was added. When the extent of induction was analyzed as a function of the external cAMP concentration, a roughly 10-fold higher concentration was required to promote half-maximal threonine dehydratase synthesis than was necessary for comparable t-galactosidase formation (Fig. 1) . Maximal specific activities for threonine dehydratase in this strain were about one-tenth those seen in the Crookes strain under comparable conditions, but this behavior is characteristic of K-12-derived strains (27) .
Although the prototrophic Crookes strain does not require extemally added cAMP for threonine dehydratase formation under anaerobic growth on amino acid-rich medium (9), the addition of cAMP does slightly accelerate the rate of enzyme appearance (approximately 1.5-fold) and usually increases somewhat the maximum specific activity attained. In Table 1 are presented data on threonine dehydratase synthesis in the Crookes strain grown anaerobically on three different media. These results confirmed that no enzyme is produced unless threonine is present, a finding reported recently by ourselves (9) and by Yui et al. (36) . A pronounced glucose-mediated catabolite repression was also obvious in these data and was largely overcome by cAMP. Considerably less catabolite repression was seen during anaerobic growth on glycerol plus fumarate or on the amino acid mixture alone.
Effects of aerobic versus anaerobic and recognizing that aerobic growth on this same medium results in a complete lack of threonine dehydratase synthesis (9), we examined the internal and extemal levels of cAMP under the two growth conditions. For comparative purposes, we monitored synthesis of both threonine dehydratase and 8l-galactosidase, an enzyme sensitive to catabolite repression but not apparently dependent on anaerobic growth conditions for relief from catabolite repression. Figure 2 shows the results of this study conducted during aerobic growth. The data reveal that no threonine dehydratase was formed, although ,B-galactosidase was produced shortly after the addition of isopropyl-f-D-thiogalactoside. An approximately twofold change in internal levels of cAMP was noted during growth, and an intracellular concentration of 5 ,uM was sufficient for purposes of fl-galactosidase synthesis. This value is in general agreement with the composite estimates cited by Pastan and Adhya (24) for a variety of E. coli strains grown on glycerol as carbon source where catabolite repression is not severe.
In the results for anaerobic growth (Fig. 3) , two features were most evident. The first concerns the synthesis of threonine dehydratase, which was initiated within one generation after the culture was made anaerobic. The synthesis continued for several generations, but slowed or stopped as the cells reached the end of the exponential growth phase; thereafter, specific activity declined roughly in accordance with growth dilution. The second feature noted was the lack of appreciably elevated cAMP levels during the period when either threonine dehydratase or ,8-galactosidase synthesis occurred.
We conclude from these results that the anaerobic growth requirement in the synthesis of threonine dehydratase is not a simple matter of a continuously elevated level of cAMP during anaerobic growth relative to that found during aerobic growth. However, the results do not exclude the possibility that a transient increase in cAMP occurs during the initial exposure of the culture to anaerobic conditions, provided levels return to those seen in the earliest sampling time (100 min) (Fig. 3) . This "trigger" hypothesis would therefore imply that a high level of cAMP is essential for the initiation of threonine dehydratase synthesis; after this burst period, threonine dehydratase synthesis can continue for an extended period despite a return of cAMP levels to the 5 to 10 ,uM range, so long as anaerobic growth is maintained.
Variations in cAMP levels upon the onset of anaerobic conditions. To examine this hypothesis, it was necessary to measure internal (Fig. 4) . The shift from aerobic growth to anaerobic conditions led to an immediate decrease in growth rate and to an extensive increase in intracellular cAMP. This accumulation may in part be due to synthesis of additional cAMP, but the major factor seems to be a reduced rate of excretion. Excretion lagged briefly, but the condition was transitory, and a return of internal cAMP levels to normal values was seen within 1 h. In the Crookes strain, cAMP internal levels could be reduced only by excretion. Threonine dehydratase synthesis was initiated shortly after the maximum internal cAMP level was reached and continued throughout the period of declining intracellular cAMP. 8-Galactosidase, on the other hand, could be efficiently induced before the spike of cAMP appearance, again pointing to somewhat different requirements for the synthesis of the two enzymes.
Although these data would tend to support a trigger hypothesis, the drastic increase in both intemal and external cAMP upon anaerobic J. BACTERIOL. shock suggests a substantial drop in intracellular ATP concentration, coming as it does at a time when synthesis of ATP by oxidative phosphorylation has ceased and probably before the induction of anaerobic energy generating pathways coupled to the use of fumarate as an electron acceptor (13) . Based on the appearance of 20 nmol of cAMP in 500 ml of medium over the 30-min period immediately following the shift, and a total of 1 x 1011 cells, a concentration decrease of 0.2 mM in ATP would be required to account for this increase, equivalent to approximately 5% of the total intracellular ATP pool (5, 31). Thus, the question remains whether the appearance of threonine dehydratase is a response to the elevated level of cAMP, is a consequence of the dightly reduced energy level of the cells, or is a combination of both factors.
Production of threonine dehydratase under energy-limited conditions. If the induction of threonine dehydratase occurs during anaerobic exposure as a result of energy limitation which, in turn, causes an elevation of intracellular cAMP, then other conditions which produce an abrupt energy deficiency might also be expected to lead to induction of threonine de- hydratase. If these same conditions did not result in an elevated level of cAMP, then it would be possible to conclude that an energy demand, and not high cAMP levels, was responsible for the induction of threonine dehydratase. Cyanide is a potent inhibitor of respiratory processes by virtue of its interaction with a terminal oxidase (14) and thus forces a halt to ATP synthesis from oxidative phosphorylation. When a culture of E. coli growing on GF medium plus threonine under vigorous aerobic conditions was exposed to 2.5 mM potassium cyanide, growth was quickly arrested but resumed slowly after 30 min (Fig. 5) . Threonine dehydratase activity appeared at about the same time and increased to a level of approximately 10% that seen during anaerobic induction. Again at the onset of growth-restrictive conditions, a smaller but nonetheless significant increase in intracellular cAMP was observed. The maximum accumulation of intemal cAMP (95 ,uM) seen in this experiment was roughly 30% of that observed upon anaerobic shock. These data, together with those of Fig. 4 , suggest that an inhibition of Table 3 shows the effects of various pyruvate concentrations on threonine dehydratase-specific activity for cells induced by anaerobic shock on GF medium plus threonine. The enzyme level was severely depressed by high pyruvate levels, but this effect was pardally overcome by externally added cAMP. Thus, in cells growing anaerobically, the principal response to pyruvate seems to be one of increased sensitivity to catabolite repression due to a reduction in intracellular cAMP.
This conclusion is supported by the related experiment illustrated in Fig. 6 , in which pyru- vate was added just before the induction of threonine dehydratase by anaerobic shock and internal cAMP levels were determined before and after anaerobic shift. Intracellular cAMP declined to 1 ,uM soon after pyruvate was added, and then increased sharply upon anaerobiosis to approximately 20 pAM before declining again. A comparison of Fig. 4 and 6 shows that pyruvate blocked the cAMP accumulation by over 90% and had a similar effect on threonine dehydratase synthesis (cf. Fig. 4 and 6) . Pyruvate did not, however, exert a noticeable effect on f,-galactosidase synthesis, further supporting the conclusion that a differential sensitivity exits toward cAMP levels for the synthesis of threonine dehydratase and.8-galactosidase. Furthermore, although the internal accumulation of cAMP in anaerobically shocked, pyruvatetreated cells was low compared with that of the nontreated counterparts (Fig. 4) , the extracellular accumulation of cAMP in the treated cells was very close to that of the nontreated cells.
This suggests that adenylate cyclase is active under either condition but that the presence of pyruvate forces an immediate excretion of cAMP. The rapid excretion of cAMP into the medium, illustrated in Fig. 6 , is in marked contrast to the delayed excretion seen in Fig. 4 and 
5.
Despite the obvious effect of pyruvate on cAMP levels, pyruvate itself cannot be a major control substance responsible for the lack of threonine dehydratase synthesis during aerobic growth. This follows from the observations that basal cAMP levels under aerobic and anaerobic growth did not vary greatly ( Fig. 2 and 3 (19, 28) . As calculated earlier, the amount of cAMP accumulated and released following anaerobic shock does not approach the total ATP pool, but the rapidity and extent of the accumulation suggests that this is an important metabolic response to the altered conditions of growth and energy metabolism.
Our data on cAMP levels are most readily explained by the existence of a relatively constant level of adenylate cyclase activity but a decreased rate of excretion during anaerobic shock. Recently, Pall (22) The metabolic changes initiated upon the onset of anaerobiosis are incompletely understood, but certain major parameters have been outlined. There is a rapid initial drop in the adenylate energy charge (5) and in the anabolic reduction charge (1), the latter being defined as the ratio of NADPH to NADP+ + NADPH. On a glucose medium which, like glycerol plus fumarate, can be utilized during anaerobiosis, the drop in adenylate energy charge is from approximately 0.9 to 0.8 (5, 31) , whereas the anabolic reduction charge falls from 0.5 to 0.4 (1) . Both charges recover to their normal levels as adaptation to anaerobic conditions occurs, although the timing of the recovery and the extent of the changes would likely be exaggerated in the case of glycerol plus fumarate since the reinitiation of growth is retarded in this medium compared to glucose medium.
Because the transitory drop in anabolic reduction charge and adenylate energy charge is concomitant with the elevation in cAMP, it is not a simple matter to conclude which change is critical for the specific induction of threonine dehydratase. We favor the opinion that the increand cAMP level directs the induction process, along with the specific amino acids indicated earlier (9, 36) . The reasoning which prompts this conclusion is as follows. (i) The connection between cAMP, its receptor protein, and enzyme induction is well established. (ii) There are numerous low-affinity sites on DNA for the cAMPcAMP receptor protein complex (28) , and these may represent regions whose transcription can only be efficiently initiated under conditions where exceptionally high cAMP leads to increased formation of the cAMP-cAMP receptor protein complex, as appears to be the case for threonine dehydratase synthesis. (iii) Any action which reduces or eliminates the sharp rise in cAMP adversely affects the production of threonine dehydratase, but not f8-galactosidase, thereby ruling out an effect exerted equally on all catabolically repressed enzymes. (iv) Because the adverse effect of added pyruvate on threonine dehydratase synthesis could be partially countered by the addition of cAMP, this argues that pyruvate can not block threonine dehydratase formation simply by relieving the energy deficit imposed on the cells as a result of anaerobic shock.
In this last situation, pyruvate added just before anaerobic shock depressed the accumulation of cAMP and considerably reduced the subsequent formation of threonine dehydratase, without having an appreciable effect on f,-galactosidase formation. One would therefore predict that addition of cAMP along with pyruvate would elevate internal cAMP levels upon anaerobic shock due to the decreased energy-driven efflux mechanism and that threonine dehydratase should be produced in normal quantities. Although we verified enzyme formation under these conditions (Table 3) , it was not possible to measure intracellular cAMP when the external concentration was in the range of 1 mM. In any case, we have consistently observed that cAMP added to aerobic cultures growing on GF medium plus threonine does not lead to any dehydratase formation, probably because cAMP accumulation to high levels cannot be achieved under energy-sufficient growth conditions (R. Egan and A. T. Phillips, unpublished data).
In the specific case of the medium used here, in which a full complement of amino acids is present, an additional factor can be considered. Bragg et al. (2) observed that the ATP-driven transhydrogenase of E. coli is repressed during growth with amino acids. Interestingly, the combination of amino acids most effective for repression consisted of leucine, valine, isoleucine, and threonine-precisely those amino acids found by Egan and Phillips (9) and Yui et aL (36) 
